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A b s t r a c t
This paper presents partial results and the major findings of an experimental program on the flow of smoke inside of large
volume buildings. The experiments presented herein were focused on the influence of vertical and horizontal partitions
inside of shopping malls, on the mass flow and the temperature of the smoke removed from the mall. The focal point of the
paper is the influence of the opening sizes on the amount and the temperature of smoke removed through it, also in rela-
tion to the horizontal distance underneath projecting balcony, between the compartment and a common mall. Improved
comprehension of this impact may allow the design of buildings, which require smaller ventilation systems and provide bet-
ter conditions within for their occupants. This paper presents the results of mass flow of smoke in function of the size of a
compartment opening, and the mass flow factor (Mb/Mo) as a function of width and height of the opening, and the depth
of the balcony. The paper presents conclusions related to the commonly used design methods.
S t r e s z c z e n i e
W pracy przedstawiono częściowe wyniki oraz najważniejsze wnioski z programu badań parametrycznych nad przepływem
dymu w budynku wielkokubaturowym. Główną część pracy poświęcono zagadnieniom przepływu dymu przez pionowe
i poziome otwory w przegrodach wewnątrz obiektów handlowych. Doskonalsze zrozumienie zjawisk mających miejsce w cza-
sie przepływu dymu pozwoli projektować obiektu budowlane wymagające mniejszych systemów wentylacji pożarowej, oraz
zapewniające lepsze warunki środowiska dla osób, które muszą ewakuować się z obiektu. W pracy przedstawiono także wyni-
ki obliczeń numerycznych masowego strumienia dymu w funkcji wielkości otworu łączącego pomieszczenia, oraz bezwymia-
rowego współczynnika przyrostu dymu (Mb/Mo), w funkcji szerokości i wysokości otworu, oraz głębokości przegrody
poziomej. Wnioski płynące z badań przedstawiono w kontekście popularnych metod projektowania systemów wentylacji
pożarowej.
K e y w o r d s : Atria; Fire; Performance-based engineering; SHEVS; Smoke control.
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b Balcony depth [m] 
Cd Downstand coefficient [-] 
Ce Compartment size coefficient [-] 
d,dw Smoke layer depth [m] 
g Gavity [N/kg] 
hb Height of the balcony [m] 
ho Height of the opening [m] 
Ĭ Smoke temperature (growth) [K] 
ȡ
0 Ambient air density [kg/m³] 
 
wm , om Mass flow of smoke at opening [kg/s] 
ı Lumped coefficient equal to 2 [-] 
P Perimeter of fire [m] 
cQ Convecive heat release rate of the fire [kW] 
tQ Total heat release rate of the fire [kW] 
Ta Ambient temperature [K] 
Y, 
zs
Height from the floor, to the bottom of 
smoke layer [m] 
Wo Width of the opening [m] 
 
Lumped coefficient equal to 2 [-]
P
d o i : 1 0 . 2 1 3 0 7 / A C E E - 2 0 1 8 - 0 1 6
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1. INTRODUCTION
The flow of air and smoke in the building depends on
multiple parameters. Traditionally we, the Fire Safety
Engineers, look at those connected to the process of
combustion: the bulk rate of heat release (HRR) and
its value related to the area of fire (HRRPUA), the
perimeter of the fire, species production and other [1,
2, 3]. These boundaries of the fire are then evaluated
with numerical modeling (CFD), which also includes
the architecture of the building into the account. The
architectural features of the building that may influ-
ence the flow of smoke within are: the size of the
compartment, openings between compartments and
their sizing, presence of downstands and balconies.
This philosophical equation of “fire  architecture”
defines the design of safety features of the building,
including the design of smoke control system. What is
fascinating, only the “fire” part of the equation is the
traditional area of Fire Safety Engineering discipline,
while architecture is most often taken as it is. This
paper explores the influence of the building itself, on
the flow of smoke, and tries to answer a question if a
change in the architecture can alter the requirements
for smoke exhaust, and efficiently alter the safety of a
building.
2. FLOW OF SMOKE IN LARGE VOL-
UME BUILDINGS
A flow of smoke in an undisturbed plume may be
considered the simplest case of the mass flow in fire
– an axisymmetric plume that moves towards the ceil-
ing, mixing with air and increasing its volumetric flow
with the growing height. Despite this being the sim-
plest case of a smoke flow, we still have multiple
(often contradicting) complicated methods to
describe it [4], and ongoing efforts to choose the best
one of them. Once the plume is disturbed by a parti-
tion of the building, the flow becomes more complex.
Illustration of how the smoke plume changes, when it
has to pass an obstacle, is presented in Fig. 1.
The change of the direction of the smoke causes
increased local turbulent entrainment of air, expo-
nentially increasing the mass flow of smoke and air in
the plume. The temperature of the smoke lowers and
so does the ceiling jet velocity. Due to spilling effect,
the physical size (width) of the further spill plume is
larger, than the original axisymmetric plume. The
combination of these phenomena makes it difficult to
estimate the increase of the mass within a spill plume.
Despite significant efforts of early [5, 6, 7] and
recent [8, 9, 10] studies, the theory of spill plumes is
still not complete. A common assumption is that cal-
culation methods for 2D plumes by Harrison and
Figure 1.
The flow of smoke in an undisturbed smoke plume (a) and
plume disturbed by a partition of a building – mezzanine (b)
a
b
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Spearpoint [11] or Morgan [6] can describe the
upward flow beyond the edge of projecting balcony,
with satisfactory results. However, we do not have a
sound model that would determine the influence of
openings and horizontal partitions on the unchan-
neled movement of smoke underneath projecting
balconies.
In a smoke control system design for a large volume,
multifunctional building – e.g., shopping mall, vari-
ous scenarios need to be addressed, Fig. 2. Scenario
(A) illustrates a case, in which a small compartment
is ventilated through a common reservoir. Smoke is
allowed to exit the compartment through its opening
freely, and then flow through the mall into the
exhaust location. This approach is viable for small
compartments, without complex shape, and with suf-
ficient opening. The dimensioning of the opening of
such compartments and the depth of projecting bal-
conies is the principal topic of this short research
paper. Scenario (B) shown in Fig. 2 refers to a situa-
tion, in which smoke is generated in a fire located
inside the mall – which is often described with
axisymmetric plume correlation and does not include
a flow through any vertical opening. Scenario (C) is
related to a situation in which smoke has to be
removed directly in the compartment, in which the
fire originates. In this case, the compartment opening
acts as a source of fresh air.
The flow of smoke out of compartments, Fig. 3a is
typically constrained by the wall dividing two com-
partments – the compartment where the fire origi-
nates (shop), and typically the mall area. The charac-
teristic features of this wall, related to the flow of
smoke, are the size (width and height) of the open-
ing, number of openings, and the presence of down-
stand, Fig. 4. In this regard, the downstand may be
defined as a vertical barrier positioned within the top
part of the opening, that forces the change of the
direction of the flow of smoke. The presence of such
barrier has significant consequences for the move-
ment of smoke, as with the change of the direction
additional amount of fresh air is mixed into the
smoke flow, essentially increasing the mass within the
plume, and lowering its temperature. The second
characteristic partition that influences the flow is a
horizontal partition, here referred to as the balcony,
Fig. 3b. This partition influences two important fea-
tures of the flow. Firstly, as the smoke moves under-
neath the balcony, it mixes with the surrounding air,
increasing the mass flow and lowering the tempera-
ture of the plume. Secondary, as the flow is spreading
not only perpendicular to the opening but in all direc-
tions, the width of the plume increases with the
increasing depth of the balcony. These architectural
features of the compartment – (i) the size and shape
of the opening, and (ii) the size and shape of the bal-
cony, are among the most influential parameters in
the design of smoke control systems in shopping
malls and other large volume buildings.
3. ANALYTICAL DESCRIPTION OF A
SMOKE FLOW OUT OF A COMPART-
MENT
First equations determining the flow out and into
compartment were based on various applications of
Bernoulli’s law. The commonly used formula for the
estimation of a mass flow through an opening was
developed by Hansell and Morgan [7]. Among vari-
ous variables in this method, there are the width and
height of the opening and the “downstand” coeffi-
cient (Cd), that takes the value of 0.65 if downstand is
present and 1.00 if not.
Figure 2.
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Another equation was presented in BS documents
[12], in which the only variables are the Heat Release
Rate (Q), the width of the opening (W0) and height
(h0). Harrison [13] attributes this formula to Thomas.
Often used correlation for a straightforward assess-
ment of a smoke flow through an opening is present-
ed in [14]. This relation does not attribute the
amount of smoke transported through an opening on
its dimensions, but rather doubles the estimation of a
smoke flow in axisymmetric plume within the com-
partment itself.
Some studies condition the amount of smoke within
a spill plume on the dimensions of the opening, on its
route, but without a direct estimation of the mass
flow through the opening. The important ones to
mention are:
• by M. Law [15]:
• NFPA 92 [16]
• BSI [12]
The movement of smoke will vary substantially for
“small” and “large” openings. Small openings in this
work are ones, for which the width of opening less or
equal to 2 m, and height less or equal to 2.50 m.
The mass of smoke flowing out of a compartment
may be calculated with models above. However, the
amount of smoke that flows underneath a balcony
may only be roughly approximated. Two popular
solutions for this problem exist, and both can be con-
sidered being unsatisfactory:
Figure 3.
The flow of smoke out of a compartment (a) and underneath
a projecting balcony (b)
Figure 4.




3/109.0 hWQm cw  = (2)
2/338.0 PYmw = (3)
( )( ) ( )bstp hzbWQm 25.031.0 3/120 ++=  (4)
)25.0(36.0 3/2,
3/1
bssetp hzWQm +=  (5)
















1 /2018 A R C H I T E C T U R E C I V I L E N G I N E E R I N G E N V I R O N M E N T 159
• M. Law’s [15] correlation to add the width of the
opening to a depth of balcony, to determine the
width of spill plume (and use 2D model later):
• Morgan’s approximation to multiply the flow of
smoke out of the opening by a factor of 2 [6].
There is a surplus of mathematical correlations that
condition the flow of smoke out of the room of origin
on the dimensions of the opening. As the author
found during his Ph.D. [17], most of these methods
are valid only for a narrow set of boundary condi-
tions, that represent architectural conditions similar
to the experiment of its origin. For this work on a
broad range of opening dimensions, a parametric
CFD study was performed. Its goal was to determine
the mass flow of smoke in the proximity of building
partitions, to determine how these elements influ-
ence the flow of smoke.
4. NUMERICAL AND PHYSICAL MOD-
ELLING
To investigate the effect of the change in the dimen-
sions of an opening and the depth of the balcony on
the mass flow of smoke and air through an opening,
the author used two main methods: (i) CFD model-
ling and (ii) Froude-number physical scale modelling,
illustrated in Fig. 5.
The numerical analysis was performed in ANSYS
Fluent for 96 different cases, Fig. 6. Turbulence
model of choice was RANS k-ε (Standard). The
dimensions of the compartment were 20 x 20 x 5 m,
and the opening sizes investigated varied between
W = (2.00 – 16.00 m; 2.00 m increment) and
H = (2.50 – 5.00 m; 0.50 m increment). The analysis
was repeated for 2.50 MW and 5.00 MW. Results of
the CFD analysis were compared with hand calcula-
tions (BS method) and B-Risk zone model. The com-
plete description of the modeling is a part of the
Ph.D. thesis available in Polish, which can be shared
upon request [17].
An innovative approach to mass flow estimation was
used. In the first step, a plane was defined by the
opening of the compartment. Then, finite elements
which meet the criteria T > T0 + 10°C are chosen
from the plane. Among these elements, one that have
their flow vector into the compartment, are disre-
garded. Once only the finite elements containing hot
bWW se += 0, (7)
ws mm  2= (8)
Figure 6.
Numerical model used in the analysis
e
Figure 5.
Froude-number scale modeling (a) and CFD study (b) on a
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fluid, flowing out of the compartment are chosen,
their mass flow is summed to give the final value of
the mass flow out of the compartment. This approach
is different from commonly used in the modeling and
allows better estimation of local influence barriers on
the amount of smoke. Illustration of this approach is
presented in Fig. 7.
For visualization of the flow out of a compartment, a
physical 1/10th scale model was created, based on the
Froude number scaling law, Fig. 8. A pool fire source
of heat was put inside of the model, with approx.
HRR = 7.9 kW, which relates to 2.500 kW in full-
scale. The compartment size was 2.00 x 2.00 m with
0.5 m height, and its opening can be set to any value
between W = (2.00 – 20.00 m) and H = (2.50 – 5.00 m).
For visualization of the flows, a source of aerosol was
put into the model, however, during measurements
of flows and temperatures this apparatus was not
used. Comparison of visual results of scale and CFD
modeling is shown in Fig. 9.
5. DISCUSSION OF THE RESULTS
The measured mass flow rate at the opening of the
compartment, for variable width and height of the
opening, is presented in Figures 10 and 11. It can be
noted, that this growth is smaller than as accounted
by modern design methodologies. Also, the height
seems to have a higher impact than the width of the
opening. Qualitative assessment of the simulation
results is shown in Fig. 12–15, through plots of mass
concentration of smoke and temperature, at the
height of 2.00 m above the floor. These results were
plotted, after the flow was stabilized (approx. 10 min-
utes into the simulation), and may represent the aver-
age result of the 2.50 MW fire and 5.00 MW in test-
ed compartment.
It must be noted that the results for the smallest open-
ings are not satisfactory, or even life-threatening, while
for the large opening the conditions in the compart-
ment were tenable, enabling evacuation and rescue
operations despite the lack of any smoke control sys-
tem. This is important, as using smaller openings is
one of the techniques to limit the necessary smoke
exhaust capacity in the mall. This technique is incor-
rect and will be further discussed in this paragraph.
Figure 7.
Development of the measurement plane used to estimate the
mass flow at the proximity of the investigated partition
Figure 8.
1/10th physical scale model with variable width and height of
the opening
Figure 9.
Visual comparison of scale (left) and numerical (right) analysis of a smoke flow through compartment with dimensions 8 x 3.50 m
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Figure 12.
Mass density of the smoke at the height of 2.00 m above the
floor, for various sizes of the opening, at steady-state condi-
tions in the compartment, 2.50 MW fire
Figure 14.
Mass density of the smoke at the height of 2.00 m above the
floor, for various sizes of the opening, at steady-state condi-
tions in the compartment, 5.00 MW fire
e
Figure 10.
The mass flow of smoke with changing width of the opening,
for various heights of the opening, at HRR = 2.50 MW
Figure 11.
The mass flow of smoke with changing width of the opening,
for various heights of the opening, at HRR = 5.00 MW
Figure 13.
Temperature of the smoke at the height of 2.00 m above the
floor, for various sizes of the opening, at steady-state condi-
tions in the compartment, 2.50 MW fire
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As previously mentioned, the technique to use the
smaller opening to limit the amount of smoke that is
entering the mall is incorrect. This approach origi-
nates from the assumption that the mass flow at the
boundary of the balcony will be approximately twice
larger than at the opening itself. While smaller open-
ing yields much lower mass flow rates, it must be
noted that the increase of the mass of smoke under-
neath projecting balcony from such an opening is
considerably larger than for the large openings – as
shown in Tables 1–4.
It is important to note, that sprinkler effects (which
are required in most of the shopping malls in Poland)
were not explicitly modelled in this work. This is due
to not sufficient validation of such tools for multi-
phase water/smoke interaction. The sprinkler effects
were included partially, through limitation of the size
of fires used in the study, which is a common
approach used in engineering. It must be noted, that
the operation of sprinklers will cause a significant
drop of temperature of the smoke, however its effect
on the mass flow of the smoke remains unknown.
6. CONCLUSIONS
• The change of mass flow through a large opening
with the change of its dimensions is different than
previously addressed in the literature. The largest
discrepancies were found for openings that sub-
stantially differ than the experimental setups,
based on which the analytical models were devel-
oped. The best agreement is found for openings
with a width of approx. 8 m and height of approx.
Figure 14.
Temperature of the smoke at the height of 2.00 m above the
floor, for various sizes of the opening, at steady-state condi-
tions in the compartment, 5.00 MW fire
Table 1.
The increase of mass flow of smoke at the edge of the balcony and at the exit of the room (Mb/Mo), as function of height and width of
the opening and for two different HRR’s, balcony depth = 2.00 m
Height [m]
Width [m]
2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00
HRR – 2.50 MW
2.5 3.04 2.40 2.11 1.89 1.74 1.73 1.69 1.73
3.0 2.20 2.02 1.76 1.63 1.57 1.57 1.57 1.61
3.5 2.21 1.70 1.53 1.32 1.42 1.42 1.45 1.48
4.0 1.87 1.60 1.38 1.33 1.30 1.29 1.29 1.32
4.5 1.68 1.38 1.22 1.22 1.20 1.20 1.32 1.16
5.0 1.54 1.25 1.16 1.11 1.08 1.06 1.06 1.06
HRR – 5.00 MW
2.5 4.67 3.29 2.70 2.38 2.21 2.39 2.02 1.99
3.0 2.96 2.14 1.83 1.51 1.58 1.50 1.46 1.43
4.0 2.49 1.88 1.63 1.51 1.43 1.36 1.32 1.31
4.5 2.21 1.68 1.48 1.37 1.29 1.23 1.22 1.20
5.0 1.97 1.50 1.33 1.23 1.19 1.15 1.16 1.15
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Table 2.
The increase of mass flow of smoke at the edge of the balcony and at the exit of the room (Mb/Mo), as function of height and width of
the opening and for two different HRR’s, balcony depth = 4.00 m
Table 3.
The increase of mass flow of smoke at the edge of the balcony and at the exit of the room (Mb/Mo), as function of height and width of
the opening and for two different HRR’s, balcony depth = 6.00 m
Height [m]
Width [m]
2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00
HRR – 2.50 MW
2.5 4.34 3.38 2.76 2.36 2.10 2.00 1.87 1.89
3.0 3.24 2.79 2.33 2.09 1.94 1.87 1.82 1.81
3.5 3.24 2.31 1.98 1.63 1.74 1.69 1.69 1.69
4.0 2.73 2.10 1.74 1.62 1.55 1.51 1.49 1.48
4.5 2.40 1.79 1.47 1.47 1.40 1.36 1.52 1.28
5.0 2.18 1.62 1.41 1.29 1.24 1.19 1.18 1.16
HRR – 5.00 MW
2.5 7.05 4.67 3.66 3.12 2.77 2.91 2.39 2.27
3.0 4.48 2.98 2.43 1.86 1.98 1.83 1.76 1.68
4.0 3.71 2.53 2.07 1.86 1.72 1.60 1.55 1.48
4.5 3.18 2.20 1.81 1.62 1.52 1.42 1.36 1.33
5.0 2.81 1.94 1.62 1.43 1.35 1.29 1.26 1.24
Height [m]
Width [m]
2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00
HRR – 2.50 MW
2.5 6.76 4.45 3.46 2.90 2.51 2.45 2.35 2.30
3.0 4.48 3.64 2.91 2.53 2.31 2.19 2.10 2.09
3.5 4.48 3.02 2.49 1.95 2.04 1.96 1.93 1.93
4.0 3.74 2.75 2.18 1.96 1.82 1.75 1.70 1.70
4.5 3.27 2.31 1.77 1.77 1.65 1.57 1.73 1.43
5.0 2.94 2.09 1.76 1.58 1.47 1.38 1.34 1.32
HRR – 5.00 MW
2.5 7.05 4.67 3.66 3.12 2.77 2.91 2.39 2.27
3.0 4.48 2.98 2.43 1.86 1.98 1.83 1.76 1.68
4.0 3.71 2.53 2.07 1.86 1.72 1.60 1.55 1.48
4.5 3.18 2.20 1.81 1.62 1.52 1.42 1.36 1.33
5.0 2.81 1.94 1.62 1.43 1.35 1.29 1.26 1.24
e
Table 4.
The increase of mass flow of smoke at the edge of the balcony and at the exit of the room (Mb/Mo), as function of height and width of
the opening and for two different HRR’s, balcony depth = 8.00 m
Height [m]
Width [m]
2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00
HRR – 2.50 MW
2.5 7.71 5.29 4.16 3.50 3.04 2.86 2.66 2.53
3.0 5.45 4.39 3.51 3.06 2.74 2.59 2.46 2.48
3.5 5.45 3.73 2.98 2.34 2.43 2.32 2.26 2.25
4.0 4.67 3.42 2.65 2.34 2.16 2.06 1.99 1.99
4.5 4.13 2.90 2.12 2.12 1.98 1.87 2.04 1.67
5.0 3.78 2.67 2.16 1.95 1.80 1.67 1.61 1.56
HRR – 5.00 MW
2.5 12.35 7.70 5.69 4.76 4.11 4.17 3.23 2.94
3.0 8.33 5.01 3.78 2.66 2.78 2.50 2.30 2.10
4.0 6.98 4.21 3.18 2.66 2.38 2.17 2.01 1.83
4.5 5.88 3.60 2.77 2.32 2.11 1.93 1.78 1.64
5.0 5.15 3.23 2.53 2.11 1.94 1.81 1.67 1.57
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3 m, and worst agreement for very small and very
large openings.
• The change of size of an opening may result in sub-
stantially different environmental conditions within
the compartment. For narrow or low openings, it’s
hard to manage tenable conditions within the com-
partment, while for large openings such conditions
can be provided as a steady-state solution (not time
dependent). If sufficiently large opening is provid-
ed, the conditions within a compartment can be
considered tenable, despite lack of any smoke con-
trol system within.
• Limiting the width or height of the opening to min-
imize the sizing of mall ventilation system is an irre-
sponsible approach, as the small openings generate
much larger smoke growth factor (Mb/Mo) than
large ones. The popular value of 2.00 of this factor
should be applied only for large openings, and
numerical investigation for this is recommended.
This paper is an introduction to the topic of the influ-
ence of building architecture on the flow of smoke,
that is described in a broader way in [17]. The sub-
jects addressed in this dissertation are influence of
the location of the fire and size of the compartment
on the flow of smoke, the influence of opening
dimensions, the existence of a downstand, flow
underneath projecting balcony and characteristics of
an unchanneled flow.
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